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Abstract In this study, starches obtained from wheat, potato, and corn were used to synthesize
cationic starches (CS), and the flocculation efficiency of these materials was tested with
Chlorella pyrenoidosa and Botryococcus braunii cultures under different conditions. Our
results indicated that these three CS had differing degrees of substitution following identical
synthesis conditions. The various CS functioned similarly in this study, and the desired
harmless flocculation efficiency was obtained at low dosages, with CS to microalgal biomass
ratios of approximately 89 and 119 mg g−1 for C. pyrenoidosa and B. braunii, respectively.
Impressive harmless harvesting efficiencies were obtained at lower dosages with respect to
appropriate stirring time before the settling, with ratios ranging from 58 to 78 mg g−1 for
C. pyrenoidosa cultures. The cost of microalgae harvesting can be cut dramatically by
choosing cheaper starches prior to the synthetic CS and by applying suitable flocculation
procedures.
Keywords Cationicstarch .Flocculationprocedures .Oleaginousmicroalgae .Biomassharvest .
Harmless
Introduction
The civilized world is facing a mismatch between massive energy consumption and the
exhaustion of fossil fuels. Of particular concern is global climate change caused by
excessive CO2 emissions, which threatens the world’s ecosystems [1]. In the past few
decades, scientists attempted to find alternatives to fossil fuels. Compared with
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traditional plant crops, microalgae have a higher areal productivity of biomass and higher
lipid and protein contents; most importantly, microalgae do not need to be grown on
arable land [18, 19, 30]. Accordingly, there is increasing attention being paid to
microalgae for use as a potential feedstock for renewable bioenergy [24, 25]. Microalgae
are among the most primitive forms of life that are able to capture CO2 [35]. They can be
cultivated under various types of conditions, even in the desert areas. Microalgal
cultivation would not only produce more bioresources but also make significant contri-
butions to weakening the greenhouse effect [14].
Microalgal cultivation has a bright future, but the industrialization of microalgal
cultivation has been restrained by high costs in downstream processing, particularly in
the harvesting and dewatering steps [32]. These issues are due primarily to the dilute
nature and extremely small cell size of algae in the culture medium [33]. The cost of
harvesting microalgae is estimated to be as high as 20–30 % of the total production cost
[16]. Centrifugation is the most commonly used harvesting method in the majority of
existing commercial systems, but this is always coupled with high energy consumption
[10]. Among several traditional methods of harvest, flocculation is considered to be a
relatively efficient one. The cost and energy demand for harvesting could be significantly
reduced if the algal cells could be pre-concentrated by flocculation [2]. Flocculation can
be triggered in a variety of ways, including chemical flocculation, bioflocculation, and
magnetic nanoparticles [31]. No universal technology for both economic and efficient
harvesting of microalgae has yet been developed. For instance, microalgal biomass
harvested by metal salts usually contains high concentrations of metals due to these
flocculants often being required in high doses, which can interfere with the ultimate
application of the biomass. Natural biopolymers, such as chitosan and poly (γ-glutamic
acid), are safer than metal salts; however, these biopolymers are generally expensive
[32]. Bioflocculation is often triggered by bacteria or fungi [15, 34, 36], and this
application of bacteria or fungi results in microbiological contamination, which can
interfere with the ultimate application of the microalgal biomass. Magnetic flocculation
is an emerging technology for microalgae harvesting; the fabrication of magnetic nano-
particles is complex and prohibitively expensive [22], so the practical application of the
technique remains limited.
Normal microalgal cells carry a negative charge that prevents natural aggregation of cells in
the culture medium [7, 26]. This property is important to the suspension of the cells in the
culture media for healthy growth; it can also be utilized during harvest. Cationic compounds
can neutralize or reduce the negative charges of the microalgal cell surface, which may
increase flocculation and sedimentation of microalgae. Starch is an important natural biopoly-
mer that consists of glucose and a mixture of amylose and amylopectin. It is also an effective
polymer for creating reactive cationic moieties, since the –OH groups of starch can be
substituted by positively charged groups such as quaternary ammonium [23]. Cationic starch
is being used more widely in the liquid-solid separation processes due to its non-toxicity and
low cost [3]. The proportion of amylose and amylopectin in starch usually differs between
species. Further, the physical and chemical properties of amylose and amylopectin are quite
distinct, and thus, starches from different sources are strikingly different [28]. The proportion
of amylose and amylopectin has been shown to influence the flocculation efficiency of cationic
starch [23]. This study evaluates the flocculation efficiency of cationic starch from different
sources using cultures of Chlorella pyrenoidosa and Botryococcus braunii, which have been
regarded as suitable species for biomass production due to their rapid growth and high lipid
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content [4, 8, 21]. The parameters of flocculation were also tested. A cheap and practical
method of microalgae harvesting was established based on the results of this study.
Materials and Methods
Algal Strains and Cultivation Conditions
Two freshwater microalgal species (green algae), C. pyrenoidosa (FACHB-9) and B. braunii
(FACHB-357), were obtained from the Freshwater Algae Culture Collection at the Institute of
Hydrobiology (FACHB-collection), Chinese Academy of Sciences; these were cultivated in
BG11 medium and SE medium, respectively. Ten-liter bottles were used to photoautotrophically
cultivate microalgae in a temperature-controlled room (25 ± 1 °C) under a light/dark photoperiod
of 12/12 h with an illumination intensity of 30 μmol m−2 s−1. Sterile filtered air was pumped into
the bottles at a rate of approximately 30 mL s−1 to avoid microalgae sedimentation and carbon
limitation. The flocculation was carried out when algae were in the exponential growth phase, and
the algal media were directly applied to the flocculation experimental samples.
To determine the relationship between microalgal dry weight (DW) and the optical density
at 680 nm (OD680), the DWand OD680 values for differing concentrations of microalgae were
measured, respectively, gravimetrically and spectrophotometry, and the following equations
were established:
DW ¼ 0:0202 OD680−0:0007;R2 ¼ 0:9968 C: pyrenoidosað Þ
DW ¼ 0:1226  OD680−0:0007 ; R2 ¼ 0:9993 B: brauniið Þ
The collected algal cells were dried at 105 °C for 24 h to a constant weight.
Preparation of Cationic Starch
Starches from wheat, potato, and corn (purchased from Sinopharm Chemical Reagent Co., Ltd.,
China) were each used to synthesize cationic starches. Ten grams of starch was added into a
beaker; 4 mL 1 mol L−1 NaOH solution, 4 mL distilled water, and 6 mL 90 %
glycidyltrimethylammonium chloride (GTAC) solution (Sigma, USA) were added and stirred
homogeneously by a magnetic stirrer. All the reactants in the beaker were allowed to react for 6 h
at 60 °C under constant stirring in a water bath.When the reaction was finished, an excess of 95%
alcohol solution (about 100 mL, SinopharmChemical Reagent Co., Ltd., China) was added to the
beaker to stop the reaction and allow the cationic starch to settle down. The cationic starch was
washed twice with alcohol to remove the cationization reagent, and dried at 50 °C for more than
6 h. The final product was milled to fine powder for use in the experiments.
The degree of substitution (DS) is an important parameter for the flocculation performance
of cationic starch, and is calculated as follows [12, 13, 20]:
DS ¼ MAGU  PN
100MN−MGTAC  PN
where MAGU is the molecular weight of the residue of each anhydroglucose unit (AGU)
monomer of starch, PN is the proportion of nitrogen in the modified starch minus the original
nitrogen proportion in the starch, MN is the molecular weight of nitrogen, and MGTAC is the
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molecular weight of the GTAC group connected to the starch. Nitrogen content in starch was
tested with an elemental analyzer (Carlo Erba EA-1110, Carlo Erba Strumentazione, Italy).
Flocculation Experiments
Flocculation efficiency of different sources of starch-based cationic starch on microalgae was
evaluated using jar tests [11, 30]. Stock solutions of the starches (10 g L−1) were prepared prior
to the experiments; the cationic starches were dissolved in the distilled water and heated to
60 °C for 30 min. The biomass of the microalgae was determined by DW, and the medium was
divided into replicate 500-mL beakers. The cationic starch solution was added to the algal
culture at 200 rpm by using a magnetic stirrer. After 1 min, the stirring was reduced to 20 rpm
and continued for 30 min, after which the solution was allowed to settle for 1 h. After settling,
the optical density of the supernatant was measured at half of the height of the clarified layer in
each beaker. All of the experiments were performed at 25 ± 1 °C with at least three replicates.
The flocculation efficiency was calculated as follows:
Recovery %ð Þ ¼ 1−Bt
B0
 
 100%
where Bt is the microalgal biomass in the medium after flocculation and B0 is the initial
biomass in the culture medium. pH values of the algal cultures were adjusted using solutions of
HCl or NaOH.
Potential Toxicity
In the marketplace, microalgae are cultured for various purposes, so the considerations about the
potential toxicity of cationic starch on microalgae for downstream applications are important.
Immediate and long-term potential toxicity were evaluated by monitoring, respectively, the
maximum quantum yield of photosystem II (ΦPSII) and the growth curve of re-cultured
C. pyrenoidosa and B. braunii following flocculation. ΦPSII was measured with a Phyto-PAM
instrument (Phyto-PAM phytoplankton analyzer, WALZ, Germany) at 3 h after the addition of
cationic starch. Thirty minutes of dark adaptation was allowed prior to taking measurements. The
flocculation of C. pyrenoidosa and B. braunii was collected by removing the supernatant and
culturing the samples in fresh BG11 medium and SE medium, respectively. The OD680 values
were measured every 3 days to collect data for generating the growth curve.
Statistical Methods
All results are presented as means ± standard deviation, and statistical analysis was conducted
using SPSS 20.0 (SPSS Inc., USA).
Results and Discussion
Degree of Substitution of the Cationic Starch from Different Sources
The properties of the cationic starches from different sources are presented in Table 1. After the
cationization reaction, the DS of wheat cationic starch (WCS), potato cationic starch (PCS),
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and corn cationic starch (CCS) were measured as 0.178, 0.249, and 0.183, respectively
(Table 1). The DS of cationic starch is known to be affected by many factors [12]. In our
study, although neither the amylose nor the amylopectin content differed significantly between
the three starches (P > 0.05), the DS of these cationic starches did show differences.
Effect of Cationic Starch Dosage and Culture pH on Flocculation Efficiencies
In order to evaluate the effect of cationic starch dosage on flocculation efficiencies, we
adjusted the methods of the flocculation experiments (BFlocculation Experiments^) to enable
a fast flocculation pattern: the cationic starch solution was added to the algal broth at 200 rpm
by using a magnetic stirrer. After 1 min, the stirring was reduced to 20 rpm and continued for
5 min, after which the solution was allowed to settle for 14 min. After the settlement, the
optical density of the supernatant was measured at half of the height of the clarified layer in
each beaker.
The results for the three kinds of cationic starches in the flocculation tests, in both green
microalgae C. pyrenoidosa and B. braunii, demonstrated that the cationic starches we tested
are highly effective flocculants (Fig. 1). In this fast flocculation pattern, the optimal cationic
starch dosage for C. pyrenoidosa was 91 mg L−1, with flocculation efficiencies of
93.18 % ± 1.38 %, 96.31 % ± 3.24 %, and 91.01 % ± 1.95 % for PCS, CCS, and WCS,
respectively (Fig. 1a). This dosage corresponded to a cationic starch to microalgae biomass
ratio of 89 mg g−1. The optimal dosage for B. braunii was 74 mg L−1 (cationic starch to algal
biomass ratio of 119 mg g−1) with flocculation efficiencies 89.59 % ± 1.08 %,
93.42 % ± 3.27 %, and 94.04 % ± 2.98 % for PCS, CCS, and WCS, respectively (Fig. 1b).
For both C. pyrenoidosa and B. braunii, the flocculation efficiencies increased significantly
(P < 0.05) following increasing the dosage of the three kinds of cationic starches up to the
optimal values. When the cationic starch dosages exceeded the optimal values, the flocculation
efficiencies were kept stable or decreased. The appropriate amount of cationic starch can
thoroughly neutralize the negative charge, but the excess of cationic starch can bring a positive
charge on the surface of the microalgae, which may decrease the flocculation efficiencies.
Further, although there are some structural differences between starches from different sources,
no significant difference in the flocculation efficiencies among these three cationic starches
(P > 0.05) was observed in our study.
In this fast flocculation pattern, slightly higher than typical dosages of cationic starches
were required for the flocculation of C. pyrenoidosa and B. braunii. This is in line with several
studies [9, 17, 30] that reported values of cationic starch to algal biomass ratios (Table 2).
Although cationic starch is known to be dosage dependent for flocculant action [17, 30], the
optimal dosages for the best flocculation efficiencies are specific to the characteristics of
specific algal cultures. This is known to be influenced by several factors [29], including the pH
Table 1 Amylose and amylopectin content of starch from different sources following cationization reactions
Label Sources Content
of amylose (%)
Content
of amylopectin (%)
DS
WCS Wheat 28 72 0.178
PCS Potato 25 75 0.249
CCS Corn 27 73 0.183
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and the biomass of the algal cultures. Cationic starch can be applied to cultures with a wide
range of pH, but it is known that weak alkaline conditions are typically superior [17, 27], due
to the status of quaternary ammonium under high pH [20]. Our experiments showed a similar
result (Fig. 2); the best flocculation efficiency (94 %) was obtained between pH 8 and 9, and
this was significantly higher than the values found for pH 4–8 and pH 10 (P < 0.05). From an
economic point view, it is not desirable to obtain high flocculation efficiency by increasing the
pH of algal cultures, due to the relatively high flocculation efficiencies (about 90 %) for neutral
cultures, and these neutral conditions are typically much more suitable for the growth of most
freshwater algae as compared to high pH conditions.
Although the DS of the cationic starches examined in this study differed, there were no
differences in flocculation efficiency (Fig. 1). Other studies that examined Scenedesmus
dimorphus also observed similar results [9]. However, a study on Chlorella that used a Tris-
acetate-phosphate (TAP) medium for the cultures revealed an opposite trend, where floccula-
tion efficiency increased with increased DS, up to about 0.4, after which flocculation efficiency
decreased with increasing DS [20]. These differing trends with respect to DS may be due to the
differences in the algal species and/or the culture media that may lead to differences of charge
density in the cultures.
Effect of Stirring Time on Flocculation Efficiency
Although the microalgal flocculation efficiency was observed to be dependent on the
dosage of the flocculants, other factors including culture pH, algae species, and the
stirring time also influenced flocculation efficiency (Fig. 1 and Fig. 3). The flocculation
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process reached a maximum point at a settling time of 10 to 20 min, findings similar to
those reported from other studies [17]. In the present study, the flocculation process was
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divided into two stages: stage 1 was the stirring period; stage 2 was the settling period
(Fig. 3). During the stirring phase, flocculation already commenced; the flocculation
efficiencies by the end of stage 1 were ranged from 9 to 90 %. Based on this observation,
we conclude that an appropriate dosage combined with an appropriate stirring time can
lead to impressive flocculation efficiencies. For the potato starch-based cationic starch,
the optimal dosage for C. pyrenoidosa was 60 mg L−1, which yielded a flocculation
efficiency higher than 99 % algal recovery (Fig. 3a); dosage above 60 mg L−1 did not
significantly increase the flocculation efficiency under the same conditions (P > 0.05).
For the corn starch-based cationic starch, the optimal dosage was 45 mg L−1, which
yielded a flocculation efficiency higher than 99 % algal recovery (Fig. 3b), and higher
dosages did not increase the flocculation efficiency (P > 0.05). For the wheat starch-
based cationic starch, the optimal dosage also was 45 mg L−1, which yielded a floccu-
lation efficiency higher than 99 % algal recovery (Fig. 3c), and when the dosage
exceeded the optimal value, the flocculation efficiencies remained stable (P > 0.05).
These results indicated that the three kinds of cationic starch influenced similar flocculation
processes in the C. pyrenoidosa culture, with the optimal dosages ranging from 45 to
60 mg L−1, corresponding to cationic starch to microalgal biomass ratios ranging from 58 to
78 mg g−1; these dosages were lower than the dosages used in the fast flocculation pattern
(Table 2). In a similar study, a cationic starch to microalgal biomass ratio of 80 mg g−1 was
required for 95 % removal efficiency of S. dimorphus [9]. In the fast flocculation pattern, the
tested optimal dosage for the C. pyrenoidosa culture was 91 mg L−1 for all three of the
different cationic starches (cationic starch to biomass ratio of 89 mg g−1), although it requires
mention that there was a large gap between the various experimental dosages tested. In the
experiments with increased stirring time, lower dosages were found to be effective for 99 %
algal recovery. There was no significant difference in the flocculation efficiencies as a result of
differing stirring times among these three cationic starches (P > 0.05), although these starches
had differing DS. In this study, the ideal stirring time for the flocculation process of
C. pyrenoidosa and B. braunii was 31 min (200 rpm for 1 min, 20 rpm for 30 min,
respectively) (Fig. 3).
Conversely, in a previous study, researchers used two cationic starches with different
DSs (0.2 and 0.5) in experiments to flocculate cells of Scenedesmus spp. and
Chlamydomonas reinhardtii. The DS played an important role in flocculation for these
algae; the cationic starch with the higher DS was more efficient for flocculation [5]. A
possible explanation could be that the stirring phase was too short for the cationic starch
to have played a role. Cationic starch functions in the flocculation process through both
inter-particle bridging and a charge-patch mechanism [6, 30], and an important prereq-
uisite for flocculation is that the flocculants be well mixed in the culture. If the culture
was sufficiently mixed, the optimal dosage for flocculation would likely have been
lower, and the differences observed in C. pyrenoidosa and B. braunii biomass removal
were not notable in the range of cationic starches’ DSs tested in this work. These
observations were the same as the results from a study of S. dimorphus [9].
The results from our study lead to an interesting consideration: the different starches
from different sources obtained differing DSs under the same reaction conditions.
However, the various cationic starches showed a similar flocculation pattern in the
C. pyrenoidosa culture with the different stirring times (Fig. 1a and Fig. 3). Therefore,
it would be advisable to choose cheaper starch for the synthesis of the cationic starch.
Appropriate stirring times in stage 1 would help to improve harvesting efficiency.
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Potential Toxicity
These three different cationic starches had no significant effect (ANOVA, P > 0.05) on
the maximum quantum yield of photosystem II in C. pyrenoidosa and B. braunii (Fig. 4).
This result was similar to those reported for other cationic starch flocculation studies
using Parachlorella and Scenedesmus [30]. Therefore, we conclude that cationic starch
has no immediate toxicological effects on the viability of the algae. For the long-term
toxicological effects, we compared the growth curves of re-cultured C. pyrenoidosa and
B. braunii following flocculation and those of the control (Fig. 5). The initial OD680 of
the control group without flocculation was the same as that of the treatment groups.
There were no significant differences between the re-cultured algae and the control, and
it appears that the cationic starches did not have long-term toxicological effects on the
viability of the algae. Harvesting the microalgae by flocculation with cationic starch
appears to have no impact on the viability of the algae that might block downstream
applications based on the microalgal biomass.
Perspectives
Our flocculation experiments with cationic starches indicate that various species of algae
respond very differently to flocculation treatments. The optimal dosages of cationic starch for
each algal species are different. A non-negligible aspect of our beaker tests is that part of the
flocculated biomass is likely to float on the surface of the medium and stick to the walls of the
beaker; this portion of the biomass accounted for 4–9 % of the total flocculated biomass.
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Before attempting practical application of cationic starch to microalgae harvesting, these
critical issues should be considered carefully.
In our study, the cost of CCS was estimated to be US$1.6 kg−1, and the harvesting cost was
estimated based on flocculation processes of C. pyrenoidosa. In the fast flocculation pattern,
the cost of using CCS to achieve an algal flocculation efficiency of ~96 % is about
US$0.0016 g−1 × 89 g kg−1 = US$0.14 (kg biomass)−1, while the cost is about
US$0.0016 g−1 × 58 g kg−1 = US$0.09 (kg biomass)−1 under a flocculation efficiency of
~99 % with respect to appropriate stirring times before the settling phase. The cost of
microalgae harvesting can be cut dramatically by applying suitable flocculation procedures.
Conclusions
The results from this study showed that the source of starch has an influence on the DS of
cationic starch under the same synthesis conditions. The cationic starches we examined were
all effective and harmless flocculants for the freshwater microalgae C. pyrenoidosa and
B. braunii; there were no obvious differences in flocculation efficiency of the three different
cationic starches. Impressive harvesting efficiencies were achieved at low dosages with respect
to appropriate stirring times before the settling phase. From an economical point of view,
cheaper starch and the proper flocculation procedure will help to reduce the microalgal
harvesting cost.
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